We studied foraging behavior and habitat selection of barbastelle bats (Barbastella barbastellus) at two breeding colonies in southern England. In total, 28 adult female bats were radiotracked to determine home range use, habitat preferences, and patterns of nocturnal activity. Individual home ranges varied considerably, with bats traveling between 1 and 20 km to reach foraging areas (X ¼ 6.8 km 6 4.8 SD). Nonreproductive females foraged at greater distances than reproductive females, providing evidence of state-dependent foraging behavior. Commutes were typically rapid and direct and bats moved freely across large open areas. Individual bats foraged independently from one another and were highly faithful to their respective core foraging areas, which formed just a small fraction of home ranges. Riparian zones and broad-leaved woodland were habitats most strongly selected for foraging. Unimproved grassland and field margins were also important components of the foraging environment. Bats night-roosted only occasionally and for short periods. Conservation efforts for B. barbastellus should target the protection and enhancement of preferred foraging habitats within 7 km of roost sites. Linear landscape elements such as tree lines and hedgerows should be managed to improve their value to foraging bats and to enhance connectivity with roost sites.
Loss of foraging habitat and reductions in insect prey associated with agricultural intensification and pesticide use have caused widespread population declines among European bats (Hutson et al. 2001) . Future effects of climate change on the structure and dynamics of bat and insect communities are likely to further exacerbate the threat to many species (McCarty 2001; Rebelo et al. 2010) . Addressing knowledge gaps in the basic habitat requirements and behavior of bats remains a fundamental task for identifying those species most at risk and for developing effective conservation policies.
The barbastelle (Barbastella barbastellus) is a rare, mediumsized verspertilionid bat. Little is known regarding its foraging behavior or habitat requirements (Rydell and Bogdanowicz 1997) . The species' rarity, its low-amplitude echolocation (Goerlitz et al. 2010) , and its use of roosts primarily in woodland (Russo et al. 2004 ) make its detection in the field problematic and this may account for why it remains understudied and little known. Recent autecological studies describe large home ranges and distinct spatial organization of foraging areas (Hillen et al. 2009 (Hillen et al. , 2010 . In the Swiss Alps, the species has been shown to exhibit a preference for foraging in richly structured forests with high biological productivity (Sierro 1999) . To date, almost nothing is known about the specific habitat requirements of B. barbastellus outside of alpine regions, which comprise only a small fraction of the total land cover throughout the species' Europe-wide range (Rydell and Bogdanowicz 1997) . B. barbastellus is classified as ''near threatened'' and has a declining population (International Union for Conservation of Nature; IUCN 2011). It is included under Annexes II and IV of the European Union Habitats and Species Directive and is a United Kingdom Biodiversity Action Plan priority species (Anonymous 1998).
Here we use radiotracking and compositional analysis to investigate home range use, foraging behavior, and habitat selection in 2 breeding populations of B. barbastellus in southern England. We test hypotheses that bats roosting together travel similar distances to find food; individual bats forage spatially at random within home ranges; and foraging bats use habitat types in proportion to their availability. We also provide observations on foraging site fidelity and patterns w w w . m a m m a l o g y . o r g 1110 of nocturnal activity. B. barbastellus has a specialized diet, comprising almost exclusively moths (Goerlitz et al. 2010; Zeale et al. 2011) . We predict, therefore, that bats forage preferentially in habitats where moth abundance is expected to be highest. This study addresses key objectives within the B. barbastellus Species Action Plan (Section 6.2)-namely to ''undertake research into finer habitat requirements, regional differences and management needs'' of the species-and offers advice on conservation management.
MATERIALS AND METHODS
Study areas and habitat mapping.-Study areas were defined by colony home ranges based in and around B. barbastellus woodland breeding sites at the Mottisfont estate, Hampshire, United Kingdom (5183 0 N, 1833 0 W-maximum elevation 81 m) and Houndtor Wood, Devonshire, United Kingdom (50836 0 N, 3844 0 W-maximum elevation 295 m). The Mottisfont estate is situated within a low-lying landscape of arable and pastoral farmland containing scattered blocks of woodland. The River Test and accompanying broad floodplain is a significant feature 1.5 km east of the breeding site. A matrix of streams, ditches, and ponds associated with the main river intersect the floodplain, supporting an abundance of riparian habitat including wet grasslands and riparian woodland. Houndtor Wood is situated within a heavily undulated landscape on the periphery of Dartmoor National Park, a 954-km 2 area characterized by elevated moors and granite outcrops. Pastoral farmland dominates the hillsides and lower landscape, whereas dense woodland occurs as scattered blocks throughout and is retained on many steeper slopes. Houndtor Wood stands within a steep-sided tributary valley to that of the Bovey River, which courses the length of the study area. Both woodland breeding sites are designated Special Areas of Conservation, comprising ancient seminatural broadleaf woodland, and broadleaf and conifer plantations.
Habitat data for the Mottisfont area were extracted from digitized Phase 1 habitat survey data provided by the Hampshire Biodiversity Information Centre. Data for the Houndtor study area were extracted from aerial photographs (supplied by Natural England, Peterborough, United Kingdom) and from the databases of the Dartmoor National Park Authority and Devon Biodiversity Records Centre. These data were validated through ground surveys undertaken at the time of radiotracking and found to be accurate. Land-use maps were created for both study areas within ArcGIS 9.2 (Esri Inc., Redlands, California) using the 11 broad habitat categories described in Table 1 .
Bat capture and radiotracking.-Bats at both study sites were caught using mist nets and harp traps placed within woodlands and by using hand nets when bats emerged from known tree roosts. At Houndtor an acoustic lure was used to improve catch efficiency in open woodland (Hill and Greenaway 2005) . Adult female bats were fitted with lightweight radiotransmitter tags (Biotrack Ltd, Wareham, Dorset, United Kingdom) weighing ,5% of the weight of the bat using Skin Bond (Pfizer Inc., New York). Tagging of female bats in advanced stages of pregnancy was avoided and all tagged bats were fitted with 3.5-mm aluminum rings (Porzana Ltd, Icklesham, East Sussex, United Kingdom) to allow identification of recaptured individuals and prevent repeated tracking of single animals (pseudoreplication). All activities were conducted under licence from Natural England and met guidelines approved by the American Society of Mammalogists (Sikes et al. 2011 ). August 2012Bats were followed using a Sika receiver (Biotrack Ltd., Wareham, United Kingdom) and a 3-element Yagi antenna (Marina Radar, Lowesoft, United Kingdom). Their locations were recorded continuously (every 5-10 min) from dusk to dawn (Duvergé 1996; Jones and Morton 1992) using the ''homing-in'' method (White and Garrott 1990) . For each data point, tracker location was recorded to a 10-figure grid reference using a global positioning system (GPS; Garmin eTrex H, 5-to 15-m accuracy, Garmin [Europe] Ltd., Romsey, United Kingdom) and the direction of peak signal was recorded using a compass. Distance from tracker to bat was estimated using receiver gain and signal strength. Any night of data resulting from less than 95% contact time with a bat was excluded from final analyses as the complete pattern of movements throughout the night could not be identified.
Analysis of ranges and habitat preference.-Radiotracking fixes for each individual bat were mapped on digitized 1:25,000 scale Ordinance Survey maps (Edina Digimap Collections, University of Edinburgh, Edinburgh, United Kingdom) and aerial photos (obtained from Natural England, Peterborough, United Kingdom) using ArcGIS 9.2. Digitized radiotracking data were analyzed in Ranges 7 (Anatrack Ltd., Wareham, United Kingdom) to determine home ranges. We used 100% minimum convex polygons (MCPs) to define both individual home ranges (delimiting all fixes corresponding to each bat) and colony home ranges (delimiting all fixes from all colony members). Cluster polygons were considered the most appropriate minimum-linkage estimators to define the core areas in which bats foraged as locations collected from each individual could not be assumed independent enough for location density estimators of home range that make parametric assumptions (Kenward 2001 ) such as ellipses, harmonic means, and kernel contours (Davidson-Watts et al. 2006) . Analysis of utilization distribution discontinuities showed that up to 20% of fixes from each bat increased the size of the range disproportionately. Examination of these fixes revealed that they were primarily recorded as bats commuted from roosts to foraging areas. Thus 80% cluster cores were used to assess the habitat in which bats were foraging. Before radiotracking bats, experiments that involved tracking of human subjects were undertaken to determine levels of error when recording location fixes. Fifty-meter buffers around fixes were considered appropriate to account for perceived tracking error and thus applied to all location fixes of bats when calculating MCPs and cluster cores areas. Statistical tests on range data from Mottisfont and Houndtor were performed on logtransformed data using Minitab 16 (Minitab Ltd., Coventry, United Kingdom). In all tests significance was set at P , 0.05.
Habitat preferences were determined by comparing habitat composition of areas within which each bat foraged (80% cluster cores) with that available to it (individual MCP home ranges). Used and available habitat compositions were compared using compositional analysis (Compositional Analysis Plus Microsoft Excel tool 6.2, Smith Ecology Ltd., Abergavenny, United Kingdom) according to methods outlined by Aebischer et al. (1993) to determine initially whether habitats were used in line with availability or if selection was occurring, and second to determine the ranking of habitat types.
RESULTS
Data from 14 adult female bats were obtained both at Mottisfont (5 pregnant, 6 lactating, 2 postlactating, 1 nonparous) and at Houndtor (9 postlactating, 5 nonparous) during the respective study periods (May to August, 2000 August, to 2005 July to September, 2007 to 2008 . From each bat an average (6 SD) of 185.5 6 42.8 fix locations were recorded over a period of 2-4 full nights (X ¼ 3.1 nights). Home ranges, foraging areas, and habitat preferences were calculated using data from all radiotracked bats at each site.
Ranging behavior.-Colony home ranges at Mottisfont and Houndtor were 10,660 ha and 14,804 ha respectively. At both study sites, maximum range spans (distance from roost to furthest edge of cluster core foraging area) and individual home ranges of colony members varied considerably (Fig. 1) . Average range span of all bats was 6.8 km 6 4.8 SD (range ¼ 1.1-20.4 km; n ¼ 28 bats). Bats at Houndtor had significantly larger range spans than those radiotracked at Mottisfont (Table  2) . This trend was reflected in home range sizes but was not significant (Table 2) . Pooling data from both sites showed that postlactating and nonbreeding bats traveled considerably greater distances to foraging sites (X ¼ 8.6 km; maximum ¼ 20.4 km; n ¼ 17) than pregnant and lactating bats (X ¼ 4.1 km; maximum ¼ 8.7 km; n ¼ 11; t 10 ¼ 2.78, P ¼ 0.019). Typically, colony members foraged apart and each bat was faithful to a single core area or a cluster of areas in proximity to each other (e.g., Fig. 2 ). The only notable overlap of foraging areas between different bats was observed when data from consecutive years of tracking were combined (Fig. 3) . The 80% cluster core foraging areas were of a similar size among all bats (Table 2 ) and were significantly smaller than individual home ranges through which bats traveled (t 27 ¼ 14.69, P , 0.001).
Habitat selection.-Mean percentage of available and used habitats for bats at Houndtor and Mottisfont are shown in Figs. 4a and 4b respectively. At both study sites the composition of habitats used by foraging bats was significantly different from that available (Houndtor: weighted mean Wilk's K ¼ 0.0167, v 2 10 ¼ 57.3221, P , 0.001, randomization P ¼ 0.005; Mottisfont: weighted mean Wilk's K ¼ 0.0537, v 2 9 ¼ 40.9438, P , 0.001, randomization P ¼ 0.016). For bats at Houndtor, a ranking matrix (Table 3a) ordered habitat types in sequence from most to least selected as follows: riparian . .. broadleaved woodland . unimproved grassland . improved grassland . mixed woodland . coniferous woodland . scrub . urban . open water . arable . upland moor (where a habitat preceding a ''.'' symbol was preferred to that immediately following the symbol and where a ''. . .'' symbol shows a significant selection between adjacent ranked habitat categories). Comparisons among all habitat types (Table 3a) showed that riparian vegetation was selected significantly above all other habitat types except unimproved grassland (not significant). Broadleaved woodland was selected significantly over scrub, urban, open water, arable, and upland moor. Both grassland categories were selected significantly over urban, open water, arable, and upland moor. Open water, arable, and upland moor were not significantly selected above any other habitat type and therefore were habitats least selected by bats. For bats at Mottisfont a ranking matrix (Table 3b ) ordered habitat types as follows: open water . riparian . broadleaved woodland . coniferous woodland . unimproved grassland . mixed woodland . improved grassland . urban . scrub . arable. Open water, riparian, broadleaved woodland, and coniferous woodland were all significantly selected over improved grassland, urban, and arable. Open water and broadleaved woodland were also significantly selected over mixed woodland and scrub respectively. Mixed woodland and both grassland types were only significantly selected over arable. Urban, scrub, and arable were habitat types least selected.
Nocturnal activity.-Patterns of nocturnal activity were calculated as the mean (n bats) of means (n nights of data per bat). Average emergence time from day roosts was 24 min 6 6.9 SD after sunset (range 12-36 min). After emergence, bats typically remained within woodland roost areas for 28 6 17.4 min before commuting to foraging areas. On leaving woodland roost sites, bats initially made use of treelines and hedgerows for commuting but moved freely across open landscapes thereafter. Mean flight time was 357 6 24.5 min, which comprised 94% 6 2.4% SD of the total time spent outside of day roosts. Remaining time was spent night roosting (X ¼ 24 6 10.9 min), split typically between two or three short roosting events. Mean time of final return to day roosts (minutes before sunrise) was highly variable among individual bats but consistently well before sunrise (X ¼ 194 6 59.1 min). Return commutes were fast and direct, with no apparent use of linear landscape features.
DISCUSSION
Our hypothesis that B. barbastellus uses habitats in proportion to availability is rejected by compositional analyses. The strong preference exhibited by bats at both study sites to forage in riparian vegetation and deciduous woodland supports our prediction that bats select habitats with typically high moth abundance, as these habitats hold a high diversity and abundance of moths (Kennedy and Southwood 1984) . The apparent strong selection of open water was unexpected, as fecal samples from B. barbastellus rarely contain the types of prey remains expected of a species feeding over water (e.g., chironomid midges or caddis flies- Goerlitz et al. 2010; Rydell et al. 1996; Vaughan 1997) , and moths are not especially abundant there. Closer inspection of radiotracking fixes revealed that bats hunted predominantly in vegetation on the periphery of water bodies, and that the subsequent incorporation of open water within 80% cluster core foraging areas inflated the perceived importance of this habitat type. Indeed, water bodies devoid of surrounding vegetation are generally avoided by most bat species (Russ and Montgomery 2002) .
Unimproved grassland ranked highly at both study sites, but was noticeably absent throughout much of the respective landscapes. Improved grassland was selected by bats at Houndtor but not by those at Mottisfont. At Houndtor, improved grassland was the most abundant habitat, characterized in situ as small fields bordered by large, unkempt hedgerows. Field margins, including hedgerows and woodland edge, support comparatively high densities of moths (Merckx et al. 2009a ) and we frequently observed bats hunting there. We conclude that bats at Houndtor are capitalizing on an abundance of rich hedgerow habitat rather than selecting improved grassland per se, which is typically species poor and of limited importance to bats (Russ and Montgomery 2002; Walsh and Harris 1996) .
Urban, arable, and upland moor were habitats least selected by bats. Disturbance in urban areas, low prey populations over arable fields resulting from pesticide use, and exposure of upland moor are likely explanations for why these habitats are avoided by B. barbastellus. We found no evidence of foraging around streetlamps, as has been documented elsewhere (Rydell et al. 1996; Zingg 1994) .
Our hypotheses that colony members travel equal distances to forage, and that bats forage spatially at random within home ranges, are both rejected by our findings. B. barbastellus exhibits a great deal of variation in ranging behavior among individuals and selects small, localized areas within home ranges in which to forage. Individual bats forage largely independently of one another and exhibit high fidelity to their respective foraging areas. Provided that the productivity of foraging patches remains stable over time, this strategy offers advantages over random foraging in that tradition avoids energy costs associated with repeated searching for profitable hunting grounds and minimizes territorial confrontation with conspecifics and its associated risks (Chaverri et al. 2007; Hillen et al. 2009 ). Such behavior may also place important constraints on the number of bats that can be supported within the landscape, depending on the availability of suitable foraging patches, and may explain why some bats travel large distances to forage and why typically the species occurs in low population densities.
The only significant overlap of foraging areas among different bats was observed when data from consecutive years were combined. Due to the temporal separation of these data it cannot be determined whether this represents real-time sharing of foraging resources-for example by mother and offspring (e.g., Myotis bechsteinii- Kerth et al. 2001 )-or adoption of vacant foraging patches by bats following the death or disappearance of conspecifics. Understanding how individual bats establish foraging areas is central to determining the carrying capacity and overall value of local landscapes to species, and is an important avenue for further research for this species.
All bats foraged within woodland roost sites before commuting to core foraging areas, highlighting the importance of managing these areas to deliver both roosting and foraging opportunities. Maintaining canopy closure is a key consideration, providing cover from predatory birds and allowing bats to emerge and feed earlier (Jones and Rydell 1994; Russo et al. 2007) . Similarly, the use of tree lines by bats when close to roost sites highlights the importance of preserving canopy connectivity beyond the borders of woodlands (Hillen et al. 2010) . Once dark, B. barbastellus moves freely over open landscapes and is content to cross major roads and wide estuaries (this study; Kerth and Melber 2009) . Bats cover ground rapidly and continuously within foraging areas, spend little time at rest outside of day roosts, and return to day roosts well before sunrise, often condensing feeding into a single foraging bout.
Implications for conservation.-Critically, the habitats most important to B. barbastellus are some of the least available. Consequently, a major constraint for this species appears to be the relatively uncommon combination of habitats it requires. Protection and restoration of bankside vegetation, wet meadows, wet woodland, and seminatural deciduous woodland are key land management targets for this species. In the United Kingdom, reductions in moth populations by as much as one-third since the 1960s (Conrad et al. 2006; Fox et al. 2010) will have had serious detrimental consequences for B. barbastellus, and efforts to restore prey populations are critically important. Management of linear landscape elements to suit commuting and foraging requirements of B. barbastellus will be mutually beneficial to many species (Limpens and Kapteyn 1991) . Further research is encouraged to establish the relative value of different field margin biomes to foraging B. barbastellus; however, restoration of wide field margins and retention of woodland edge and tree cover along hedgerows through participation in agri-environment schemes (AES) will be beneficial through enhancing moth abundance and diversity (Merckx et al. 2009b) . Conversion to organic farming should improve use of agricultural areas by B. barbastellus because moth species diversity and insect abundance are higher on organic farms compared with conventional farms (Wickramasinghe et al. 2003 (Wickramasinghe et al. , 2004 . Particular emphasis should be placed on implementing the above management activities as part of an integrated landscape-scale strategy, as participation in AES on relatively small scales may provide little or no benefit to local bat Table shows habitat preference for each category on every row compared with the corresponding habitat in each column. Significant difference between habitat types is shown by þþþ (selected for) or -(avoided), with þ or -showing a nonsignificant trend. The ranking matrix was calculated by adding the number of þ and þþþ scores. A rank of 0 signifies the least preferred habitat, with 10 being the most important habitat. Refer to Table 1 for abbreviations of habitat categories.
populations (Fuentes-Montemayor et al. 2011) . Our data on ranging behavior for B. barbastellus suggest that land managers must consider areas of up to 7-km radius around maternity roosts when designing and implementing management plans for this species. Feeding sites outside of this range, when identified through radiotracking or by other means, should also be protected.
